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Abstract 9 
 10 
The arsenite minerals finnemanite Pb5(As3+O3)3Cl  been studied by Raman 11 
spectroscopy.  The most intense Raman band at 871 cm-1 is assigned to the ν1 (AsO3)3- 12 
symmetric stretching vibration.  Three Raman bands at 898, 908 and 947 cm-1 are assigned to 13 
the ν3 (AsO3)3- antisymmetric stretching vibration.  The observation of multiple 14 
antisymmetric stretching vibrations suggest that the (AsO3)3- units are not equivalent in the 15 
molecular structure of finnemanite.   Two Raman bands at 383 and 399 cm-1 are assigned to 16 
the ν2 (AsO3)3- bending modes.   DFT calculations enabled the position of AsO32- symmetric 17 
stretching mode at 839 cm-1, the antisymmetric stretching mode at 813 cm-1, and the 18 
deformation mode at 449 cm-1 to be calculated.   Raman bands are observed at 115, 145, 162, 19 
176, 192, 216 and 234 cm-1 as well.  The two most intense bands are observed at 176 and 192 20 
cm-1. These bands are assigned to PbCl stretching vibrations and result from transverse/ 21 
longitudinal splitting.  The bands at 145 and 162 cm-1 may be assigned to Cl-Pb-Cl bending 22 
modes.   23 
 24 
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 27 
Introduction 28 
 29 
 The mineral finnemanite Pb5(As3+O3)3Cl consists of black prismatic crystals [1].  The 30 
crystal structure is hexagonal with P6(3)/m symmetry with point group 6/m [2-5].   The 31 
crystals are tetragonal, space group P63/m with a = 10.322(7) and c = 7.055(6) Ã and d 32 
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(calculated) = 7.301 for Z = 2. The structure consists of Pb(1)-0 and Pb(2)-0-Cl polyhedra 33 
and AsO3 pyramids [3, 4]. The mineral is a chloroarsenite and is related to mimetite 34 
Pb5(As5+O4)3Cl [2-4, 6].  Interest in arsenates and arsenites stems from their use as poisons 35 
and toxic chemicals and their formation in slag dumps and old mine sites [7-9].  There have 36 
been some studies using both infrared and Raman spectroscopy of arsenite containing 37 
minerals [8, 10-12].  Most of these studies involve aqueous systems [8]. Indeed the stability 38 
of many arsenite compounds in aqueous media is questioned [8].  Of course band positions 39 
identified in aqueous systems might not be the same as in the solid state or for arsenite 40 
containing minerals such as finnemanite. Bencivenni and Gingerich based upon matrix 41 
isolated studies identified the band positions of AsO3 for a range of arsenite containing 42 
compounds.  Infrared bands in the 763 to 868 cm-1 region were identified as the symmetric 43 
stretching bands; bands in the 743 to 853 cm-1 in positions lower in wavenumbers to the 44 
symmetric stretching modes were classified as the antisymmetric stretching vibrations.  The 45 
position of the bending mode varied from 330 to 418 cm-1.    46 
 47 
It is interesting to note that very few papers have been published on the spectroscopy 48 
of arsenite minerals. What research has been published is related to the analysis of pigments 49 
[13-15].  Very few studies of related minerals such as mineral arsenites have not been 50 
undertaken using vibrational spectroscopy [16-18], even though Raman spectroscopy has 51 
proven especially useful for the study of minerals [19-27].  The aim of this paper is to report 52 
the Raman spectra of finnemanite and to relate the spectra to the crystal chemistry and 53 
formula of finnemanite.  The paper follows the systematic research on Raman and infrared 54 
spectroscopy of secondary minerals containing oxy-anions formed in the oxidation zone of 55 
minerals.            56 
 57 
Experimental 58 
 59 
Minerals 60 
 61 
The mineral finnemanite was obtained from the Mineralogical Research Company.  The 62 
mineral originated from Puttapa, North Flinders Ranges, Australia.  The composition of the 63 
mineral has been published by Anthony et al. (page 427).  [1]  64 
 65 
Density Functional Theory (DFT)  calculations 66 
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Calculations were performed using the Gaussian 03 programi and the GaussView3.0 67 
(Gaussian, Inc.,Wallingford, CT) front end, running on an SGI Origin 3000 supercomputer 68 
comprising 116 processors and 60 GB of memory. The wavenumbers of the fundamental 69 
modes were calculated using density field theory (DFT) with B3-LYP method and a 6-70 
311G+(d) basis set and are reported unscaled. 71 
 72 
Raman spectroscopy 73 
 74 
Crystals of finnemanite were placed on a polished metal surface on the stage of an Olympus 75 
BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The microscope is 76 
part of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a 77 
filter system and a CCD detector (1024 pixels). The Raman spectra were excited by a 78 
Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 nm and 79 
collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range between 80 
100 and 4000 cm-1. Repeated acquisition on the crystals using the highest magnification (50x) 81 
were accumulated to improve the signal to noise ratio in the spectra. Spectra were calibrated 82 
using the 520.5 cm-1 line of a silicon wafer.  Further details have been published [19-27].  83 
Alignment of all crystals in a similar orientation has been attempted and achieved. However, 84 
differences in intensity may be observed due to minor differences in the crystal orientation. 85 
The Raman spectra of the oriented single crystals are reported in accordance with the 86 
parallel/perpendicular notation.  It is noted that the mineral finnemanite is very dark in 87 
colour, almost black, yet Raman spectra were readily obtained.   88 
 89 
 90 
Band component analysis was undertaken using the Jandel ‘Peakfit’ (Erkrath, 91 
Germany) software package which enabled the type of fitting function to be selected and 92 
allowed specific parameters to be fixed or varied accordingly. Band fitting was done using a 93 
Lorentz-Gauss cross-product function with the minimum number of component bands used 94 
for the fitting process. The Lorentz-Gauss ratio was maintained at values greater than 0.7 and 95 
fitting was undertaken until reproducible results were obtained with squared correlations ( r2) 96 
greater than 0.995.  Band fitting of the spectra is quite reliable providing there is some band 97 
separation or changes in the spectral profile.   98 
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Results and discussion 99 
 100 
Density Functional Theory Calculations 101 
 102 
DFT calculations were undertaken for an isolated NaAsO2 with 90° geometry 103 
The calculated values are as follows AsO32- symmetric stretching mode at 839 cm-1,  104 
antisymmetric stretching mode at 813 cm-1, and the bending mode at 449 cm-1.   105 
 This compares with experimental values of 868, 853 and 418 cm-1 respectively for this 106 
compound. Ogden and Williams [28] published the infrared spectra of selected synthetic 107 
arsenite compounds and observed bands at 393, 852 and 863 cm-1.  The latter two bands were 108 
assigned to the As2O42- stretching vibrations.  Matrix isolated studies [29] of NaAsO2 109 
reported bands at 868, 853 and 418 cm-1. The assignment of these bands is in good agreement 110 
with our DFT calculations and the Raman spectrum of  finnemanite Pb5(As3+O3)3Cl (see 111 
below).   112 
 113 
Raman Spectroscopy 114 
  The Raman spectrum of finnemanite in the 700 to 1300 cm-1 range is displayed in 115 
Fig. 1.  The results of the Raman spectroscopic analysis of finnemanite, leiteite ZnAs2O4 and 116 
synthetic monovalent arsenites are reported in Table 1S.  The polarised Raman spectra of 117 
finnemanite in the 700 to 1100 cm-1 region are shown in Fig. 2. The most intense Raman 118 
band is the band at 870 cm-1. The band is highly polarised. It is assigned to the ν1 (AsO3)3- 119 
symmetric stretching vibration.   There are two shoulders at 854 and 884 cm-1 which may be 120 
also assigned to this vibration.  The three Raman bands at 898, 908 and 947 cm-1 are assigned 121 
to the ν3 (AsO3)3- antisymmetric stretching vibration.  Normally for these arsenite minerals 122 
the band attributed to the antisymmetric stretching vibration occurs at lower wavenumbers 123 
compared with that the symmetric stretching vibration.   In the Raman spectrum of keyite 124 
Cu3(Zn,Cu)4Cd2(AsO4)6.2H2O (an arsenate mineral) Raman bands are observed at 805, 852 125 
and 880 cm-1. The band at 852 cm-1 may be assigned to the ν1 (AsO4)3- symmetric stretching 126 
vibration and the band at 805 cm-1 to the ν3 (AsO4)3- antisymmetric stretching vibration.  The 127 
band at 880 cm-1 in the Raman spectrum of keyite may be due a water librational mode.  128 
There are some very low intensity Raman bands of finnemanite at 1105, 1168 and 1216 cm-1.  129 
These bands are attributed to combination and overtone bands.   130 
 131 
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Table 1S draws a comparison of the results of the Raman spectrum of finnemanite and 132 
the Raman spectra of leiteite, reinerite and synthetic monovalent metal-arsenites and trivalent 133 
ortho-arsenites.  The intense Raman band at 871 cm-1 compares well with the band positions 134 
of synthetic arsenites in their infrared spectra.  The observation of multiple antisymmetric 135 
stretching vibrations suggest that the (AsO3)3- units are not equivalent.  Ogden and Williams 136 
[28] published the infrared spectra of selected arsenite compounds and observed bands at 137 
393, 852 and 863 cm-1.  The latter two bands were assigned to the (As2O4)2- stretching 138 
vibrations.  Bencivenni and Gingerich reported the infrared spectra of matrix isolated 139 
synthetic NaAsO2, KAsO2, RbAsO2 and CsAsO2 [30].  All of the matrix isolated spectra 140 
showed bands at 868, 853 and 418 cm-1.  These authors assigned these bands to the (AsO2)- 141 
symmetric stretching vibration, antisymmetric stretching vibration and the symmetric 142 
bending mode [30].  These authors noted that the position of the symmetric stretching 143 
vibration occurred at higher wavenumbers than the antisymmetric stretching vibration [30].  144 
These authors noted that this was unusual for the vibrational spectroscopy of oxyanions. 145 
Szymanski et al. [8] reported the infrared and Raman spectra of M3AsO3 metal arsenites. 146 
 147 
 The most intense Raman bands in the 100 to 700 cm-1 region are the two bands at 383 148 
and 399 cm-1 (Fig. 3).   The polarised Raman spectra of finnemanite in the 100 to 700 cm-1 149 
region are shown in Fig. 4. The most intense band for finnemanite occurs at 381 cm-1 and is 150 
highly polarised. A comparison may be made between the parallel and perpendicularly 151 
polarised spectra. The shoulder on the 381 cm-1 peak in the parallel spectrum shows 152 
significant intensity and is found at 398 cm-1 in the perpendicularly polarised spectrum.  This 153 
band is assigned to the ν2 AsO33- bending mode.  A Raman band was observed at 369 cm-1 for 154 
the mineral leiteite. In the Raman spectrum of synthetic M3AsO3 a band is found at 375 cm-1.  155 
An infrared band was found for synthetic CsAsO2 at 393 cm-1.  These bands are assigned to 156 
the ν2 AsO33- bending modes.  These bands may correspond to the infrared band observed by 157 
Ogden and Williams at 393 cm-1.  Szymanski et al. [8] also found a Raman band at 375 cm-1.  158 
Bencivenni and Gingerich reported a band at 418 cm-1 and assigned this band to the  δ AsO2 159 
bending mode [30].  Two bands are observed for finnemanite at 483 and 550 cm-1 in the 160 
parallel polarised spectrum. Both bands show a degree of polarisation.  The bands are 161 
attributed to the ν4 (AsO3)3- bending modes.   The low intensity bands at 465 and 487 cm-1 162 
may be attributed to the ν4 (AsO3)3- bending modes (Fig. 3).  A Raman band is observed at 163 
457 cm-1 in the spectrum of leiteite.  The band at 283 cm-1 is highly polarised and is assigned 164 
to the Pb-O stretching vibration.   165 
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 167 
 A large number of sharp bands are observed for finnemanite in the 100 to 250 cm-1 168 
region. Raman bands are observed at 115, 145, 162, 176, 192, 216 and 234 cm-1.  The two 169 
most intense bands are observed at 176 and 192 cm-1. These bands are assigned to PbCl 170 
stretching vibrations and result from transverse/longitudinal splitting.  The bands at 145 and 171 
162 cm-1 may be assigned to Cl-Pb-Cl bending modes.  In the Raman spectra of minerals 172 
containing PbCl units, intense sharp bands are observed in the 100 to 250 cm-1 region.  173 
Minerals containing PbCl units include boleite KPb26Cu24Ag9Cl62(OH)48, pseudoboleite 174 
Pb5Cu4Cl10(OH)8.2H2O, cumengeite Pb21Cu20Cl42(OH)44, chloroxiphite Pb3CuCl2O2(OH)2. 175 
The Raman spectrum of pseudoboleite shows two intense sharp bands at 179 and 148 cm-1. 176 
Both the latter bands are assigned to the PbCl TO/LO vibrational modes.  The Raman 177 
spectrum of chloroxiphite is dominated by the band observed at 139 cm-1.  The Raman 178 
spectrum of cumengeite as for chloroxiphite is dominated by the intense bands at 192 and 179 
154 cm-1.  These two bands are assigned to ClMCl bending modes where M is Pb or Cu.  The 180 
Raman spectrum of boleite is very similar to that of cumengeite, which is not unexpected. 181 
Two intense bands are observed at 162 and 126 cm-1.  These bands are attributed to the 182 
ClMCl bending vibrations where M maybe Pb, Cu or Ag.   183 
 184 
Conclusions 185 
 186 
The Raman spectrum of the mineral finnemanite has been obtained for the first time 187 
and the spectra are related to the molecular structure.  Importantly the mineral is black in 188 
appearance, yet useful spectra were obtained.  DFT calculations of an isolated arsenite ion 189 
have been undertaken. DFT calculations estimated the position of the AsO32- symmetric 190 
stretching mode at 839 cm-1, the antisymmetric stretching mode at 813 cm-1, and the 191 
deformation mode at 449 cm-1.  The Raman spectrum of finnemanite is characterised by a 192 
suite of bands centred in the 800 to 950 cm-1 region.   193 
 194 
The most intense Raman band at 871 cm-1 is assigned to the ν1 (AsO3)3- symmetric 195 
stretching vibration.  Three Raman bands at 898, 908 and 947 cm-1 are assigned to the ν3 196 
(AsO3)3- antisymmetric stretching vibration.  The observation of multiple antisymmetric 197 
stretching vibrations suggest that the (AsO3)3- units are not equivalent in the molecular 198 
structure of finnemanite.   The two Raman bands at 383 and 399 cm-1 are assigned to the ν2 199 
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(AsO3)3- bending modes.   The low intensity bands at 465 and 487 cm-1 may be attributed to 200 
the ν4 (AsO3)3- bending modes 201 
 202 
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